Purpose: Maintaining skeletal muscle function throughout life is a crucial component of successful ageing. Adequate vitamin D status may be important in preserving muscle function. We aimed to determine the association between impaired muscle function and serum vitamin D status in community-dwelling older adults. Falls were explored as a secondary aim. Results: The study comprised 4157 community-dwelling adults with a mean age of 69.8 (SD 6.9). Overall, 30.6% had low HGS and 12.7% had low SPPB (≤6). Participants with the lowest serum 25(OH)D (<30 nmol/L) had the highest prevalence of impaired muscle strength and performance (40.4% and 25.2%) compared with participants with levels ≥50 nmol/L (21.6% and 7.9%). Consistent with this, vitamin D deficiency (<30 nmol/L) was a significant determinant of low HGS (OR 1.44 [1.22, 1.71], p<0.001) and poor physical performance (OR 1.65 [1.31, 2.09], p<0.001) in the logistic regression models. Older adults partaking in regular moderate physical activity had significantly lower odds of impaired muscle strength (OR 0.65 [0.58, 0.79]) and physical function (OR 0.30 [0.24, 0.38]), p <0.001, respectively. Single or multiple falls (15.8% and 10.5% in past year) were not associated with vitamin D status. Conclusion: Vitamin D deficiency was associated with impaired muscle strength and performance in a large study of community-dwelling older people. It is generally accepted that vitamin D deficiency at the <30 nmol/L cut-off should be reversed to prevent bone disease, a strategy that may also protect skeletal muscle function in ageing.
Introduction
Maintaining muscle mass and function throughout life is a crucial component of successful ageing. The progressive loss of skeletal muscle mass accompanied by a loss of muscle strength or performance, in ageing, are features of primary sarcopenia. 1, 2 This functional decline negatively impacts on mobility, falls risk, independence, quality of life and healthcare costs. [2] [3] [4] [5] The condition is a major public health issue, estimated to effect between 6% and 22% of older adult populations 6 and up to half of adults over 80 years. Resistance exercise is well evidenced in maintaining muscle function 6 while nutritional factors such as adequate dietary protein, [6] [7] [8] [9] and potentially adequate vitamin D status, [8] [9] [10] have shown benefit. Globally, vitamin D deficiency is widespread 11 particularly in older populations 12, 13 and optimizing vitamin D status may be a practical and cost-effective approach that supports skeletal muscle function.
Findings from animal models and laboratory studies show that vitamin D can improve muscle quality and strength and reduce intramuscular fat and inflammation.
14 Epidemiological [15] [16] [17] and intervention studies 8, 10 further support associations between circulating 25-hydroxyvitamin D [25(OH)D] or vitamin D 3 supplementation and muscle function in older adults, though more recent findings suggest no benefit. [18] [19] [20] For falls outcomes, vitamin D supplementation appears beneficial for older people living in care homes 21 or with low vitamin D status, 22 but the findings are inconsistent for the wider population of community-dwelling older adults. 22 Some studies, conversely, have found an increase in falls rate with large bolus vitamin D supplementation. 23 Several methodological differences are apparent across the studies that have investigated vitamin D and musculoskeletal outcomes in community-dwelling older adults; these include the population age, health and lifestyle characteristics, vitamin D status and the outcome measures employed for skeletal muscle. A key aspect is the degree to which study samples capture participants with established vitamin D deficiency or at-risk of deficiency. Such risk factors include advanced age, lower socioeconomic status, poorer health status, non-vitamin D supplement users, non-white ethnicity 12, 24 or mobility impairment. 10 An important consideration is if older adults with vitamin D deficiency have impaired muscle function and, if so, would raising 25(OH)D status or reversing deficiency improve or preserve function. Skeletal muscle measures employed in studies are typically brief assessment of muscle strength or function including handgrip strength (HGS), gait speed or sit to stand tests. 9 More comprehensive assessments, such as the short physical performance battery (SPPB) 25 or imaging techniques, that assess lower limb muscle function or muscle quality 2, 10, 16 are important to add value to vitamin D research in this field. The present study aimed to estimate the prevalence of impaired muscle function (HGS and SPPB) and determine the association between these variables and serum vitamin D status in community-dwelling older adults from the English Longitudinal Study of Aging (ELSA). As a secondary aim, we explored the association between vitamin D status and falls.
Materials And Methods

Study Design And Population
The study was based on data from community-living older people who participated in ELSA 26 Wave 6 (2012 Wave 6 ( -2013 as this represented the first analysis of 25(OH)D. The ELSA study was conducted in line with the Declaration of Helsinki and was approved by the London Multicentre Research Ethics Committee (MREC 01/2/91). Written informed consent was obtained from all participants (https://www.elsa-project.ac.uk/). For the present study, the inclusion criteria were as follows: measured serum 25(OH)D, adults aged ≥60 years and participation in assessments of skeletal muscle function, namely HGS and components of the SPPB. Lower limb measures, such as gait speed, were assessed only in adults aged 60 years or over in ELSA. Overall, 7731 participants completed the nurse health visits, allowing the collection of biological data such as blood samples. The most common reasons for missing or unavailable blood samples were for participants who did not wish to consent to, or were considered ineligible for, blood sampling (e.g. bleeding disorders or anticoagulant use). After applying the inclusion criteria, the final analytical study sample comprised of 4157 subjects (Figure 1 ).
Serum 25(OH)D Measurement And Deficiency
Serum 25(OH)D was assessed from fasting blood sample and analyzed using Diasorin Liaison 25-hydroxyvitamin D immunoassay. All assays were performed in duplicate, the CV values ranged from 8.7% to 9.4%. The laboratory responsible for analysis of vitamin D for ELSA (Royal Victoria Infirmary, Newcastle upon Tyne, UK) participated in the Vitamin D External Quality Assessment Schemes (DEQAS). All blood sampling occurred from January 2012 to July 2013. Vitamin D status was classified according to the Institute of Medicine (IOM) guidelines, 27 with deficiency compatible with bone health risk defined as 25(OH)D <30 nmol/L, and insufficiency as <50 nmol/L. 27 Season was categorized using the extended vitamin D calendar for summer (April-Sept) and winter (Oct-March).
Measures Of Muscle Strength And Physical Function
Handgrip strength was recorded as the mean grip strength of three readings using the participant's dominant hand. Gender and BMI-specific cut-offs were applied to categorize muscle weakness. 1 Physical performance was measured using the short physical performance battery (SBBP). The SPPB 25 is a composite battery of three physical tasks: an 8 foot (2.44 m) gait speed test, a repeated chair rise task and a static balance test and is supported by EWGSOP 1 as a measure of physical performance for research. Individual tests scores were combined to give a composite SPPB score, where 0-6 represented poor physical performance, 7-9 "at-risk" and >10 represented high performers. 25 We applied the cut-off of 0-6 to indicate poor or impaired lower extremity performance. Falls rate was reported as one fall or multiple falls in past 12 months; medical attention sought in relation to the fall was also noted. 
Potential Confounders And Related Variables
Data Analysis And Statistics
Descriptive statistics are presented as means and SD or counts and proportions for demographic and lifestyle characteristics. Normality was assessed visually using histogram matrix plots and ladder tables to identify appropriate transformations, 29 and Monte Carlo simulations to identify outliers. 30 Multiple logistic regression analysis was used to explore the determinants of poor physical performance and poor muscle strength and presented as odds ratios (OR) and 95% confidence intervals (CI). We applied multivariate analysis of variance (MANOVA) to all explanatory variables to test the assumptions of the model, before including them in a stepwise regression. Only variables that reached statistical significance in the initial analysis were considered for the models and after testing for collinearity by scatter plots and Variance Inflation Factors Tests for linear relationships. Tests were performed by the inclusion of continuous predictor variables to the model and were reported as OR for a single unit change with 95% CI. In adjusted models, covariates were selected based on previous research findings and following stepwise regression to test the contribution of each predictor (excluded Pr. >0.25). The contribution of covariates to muscle function was examined by including each set of covariates in the following order; model 1; poor physical performance defined as a score of 0-6 in the SPPB, sociodemographic factors, health-related behaviors, physical factors and health conditions. In model 2, low HGS strength defined by gender and BMI-specific cut-offs. Corresponding unadjusted results are also reported. All analyses were performed in STATA 14.0 (Stata Corp LP).
Results
Characteristics Of Study Population
The present study comprised 4157 community-dwelling adults with a mean age of 69.8 (SD 6.9) years. Demographic, Figure 1 Participant enrolment in the study and reasons for exclusion.
lifestyle and health characteristics are presented in 
Prevalence Of Impaired Muscle Strength, Poor Physical Performance And Falls
In the present study, 30.6% of older adults had low HGS, as classified by gender and BMI-specific cut-offs ( Table 2) . Poor physical performance (SPPB ≤6) was identified in 12.7%, with a further 19.3% classed as "at-risk" (SPPB 7-9); most participants (67.9%) were considered high performers with scores of 10-12. A single fall or multiple falls occurred in 15.8% and 10.5%, respectively, in the past 12 months. The prevalence of impaired muscle strength, reduced performance and falls was consistently higher in women than men (Table 2) .
Muscle Strength And Physical Performance According To Serum 25 (OH)D Concentration
Low HGS and SPPB according to 25(OH)D quintiles are presented in Figures 2 and 3 and Table 3 . The lowest quintile (Q1, ≤28 nmol/L) was compatible with vitamin D deficiency, while the highest quintiles, Q4 and Q5, were compatible with sufficiency at 25(OH)D >50 nmol/L. In Q1, 40.4% of older adults had impaired HGS compared with 25.2% and 26.8% in Q4 and Q5, respectively. Consistent with this, the prevalence of poor physical performance significantly decreased in line with increasing 25(OH)D concentration (Figures 2 and 3 ). Poor performance (SPPB) was almost three-fold higher (21.6%) in Q1 (≤28 nmol/L) compared with levels ≥50 nmol/L (7.9-9.0%). In contrast, the rate of recurrently falls did not significantly differ between vitamin D deficiency (Q1) and sufficiency (Q5) at 11.6% and 9.9%, respectively (Table 3) .
Factors Associated With Low SPPB In Community-Dwelling Older Adults
After adjusting for pre-defined covariates, multivariate logistic regression analysis ( 
Factors Associated With Poor Muscle Strength In Community-Dwelling Older Adults
After adjusting for pre-defined covariates, multivariate logistic regression analysis (Table 5) be important for protecting muscle function in ageing, in addition to the established effects on preventing bone disease. 27 We identified impaired muscle strength and physical performance in 30.6% and 12.7%, respectively, of community-dwelling adults aged 60 and over. This is DovePress broadly in line with the prevalence of sarcopenia, estimated at 1-29%, in community-dwelling populations aged 50 years and over. 31 The prevalence and incidence of sarcopenia is reported to increase further in hospitalized and long-term care for older adult populations. 31, 32 It should be noted, however, that the present study focused on impaired muscle function only and not specifically on sarcopenia (since muscle mass was not available in the dataset). Muscle function, however, is considered a principal determinant of sarcopenia in recently updated definitions. 2 Based on the analysis by vitamin D quintiles, older adults with the lowest serum 25(OH)D, had the highest prevalence of impaired muscle strength and performance (40.4% and 25.2%) compared with people with adequate levels (21.6% and 7.9%). This finding was further supported by the regression analysis, which showed that vitamin D deficiency (<30 nmol/L) was significantly associated with both poor physical performance and low handgrip strength. Of note, engagement in moderate physical activity was associated with lower odds of impaired muscle strength and low SPPB, which is in line with the evidence supporting physical activity as a modifiable factor in preserving muscle mass, strength and potentiating muscle protein synthesis. 6, 9 Other factors associated with low HGS and low SPPB included advanced age, female gender and variables indicative of poorer health status such as lower self-rated health, polypharmacy and recurrent falls reflecting the complex and multifaceted nature of age-related muscle impairment. Our findings identify vitamin D deficiency as a potentially modifiable lifestyle factors associated with poor muscle function and further supports the established inverse association with physical activity. 6, 10 Falls were not significantly associated with 25(OH)D concentrations in the present study, though this was a To date, intervention studies into the effects of vitamin D supplementation on skeletal muscle in ageing have yielded mixed findings 8,10,18-20 though a trend towards improved lower extremity muscle performance is emerging. Lower limb function is commonly assessed by practical and clinical measures such as gait speed or the Timed-Up-and-Go test (TUG). The SPPB, applied in the present study, is a measure of physical performance of the lower extremities, acting as a comprehensive indicator of balance, gait, muscle strength and endurance. 1 We applied a restrictive score of <6 for the SPPB for muscle impairment and vitamin D deficiency of <30 nmol/L. A recent intervention study among older adults Notes: a Falls, reported to have had multiple (>1) falls in past 12 months. ** , ***Denote statistically significant differences between groups: ** P<0.01, ***P<0.001. Abbreviations: Q, quintiles; low HGS, low handgrip strength established by BMI and gender-specific cut-offs; SPPB, short physical performance battery.
with impaired muscle function, defined as SPPB ≤9 and vitamin D deficiency of 25(OH)D less than 50 nmol/L, showed that a vitamin D and protein supplement reduced intramuscular fat and improved muscle density compared with placebo. 10 Future intervention studies into the effects of reversing vitamin D deficiency at 30 nmol/L level on comprehensive muscle outcomes among vulnerable older adults in the community would be of interest.
In the present study, we identified that older people in the lowest quintile of vitamin D (compatible with deficiency), had the poorest muscle strength and physical performance and represent an important group to target for interventions to reverse deficiency. The recent EWGSOP updated consensus paper on sarcopenia emphasizes the public health and clinical importance of maintaining muscle function in ageing. 2 seems sensible, even though such sub-groups may be "hard to reach" in society and to engage in clinical trials. Theses subgroups may include, for example, the oldest old, those with poorer health status, of non-white ethnicity, living alone or living with socioeconomic disadvantage. The latter may be particularly important, given that the evidence is currently deemed inadequate to make practical recommendations for vitamin D supplementation for the prevention of age-related loss of muscle mass and function. 6 The study had several strengths, for example, the findings are derived from a large (n = 4157) well-defined population of community-dwelling older people aged 60 years and over with comprehensive assessments and measures. Moreover, handgrip strength and a composite measure of muscle performance (SPPB) were used, both supported by the EWGSOP. 1 A number of limitations need to be mentioned, namely serum 25(OH)D in the ELSA cohort was assessed by immunoassay (DiaSorin), while the gold standard is considered LC-MS/MS. Analysis, however, was conducted in a laboratory which is a member of DEQAS, reported CVs and QCs were in the expected range and consistent with data from ELSA previously published. 10, 36, 37 Furthermore, in line with the study design, our findings cannot demonstrate cause and effect, and future intervention studies conducted in vitamin D deficient older populations would be required.
In conclusion, impaired muscle strength and physical performance were identified in 30.6% and 12.7%, respectively, of older adults, rising to 40.4% and 25.2% amongst those with the lowest vitamin D concentrations. Consistent with this, vitamin D deficiency [25(OH)D <30 nmol/L] was associated with both impaired muscle strength and impaired physical performance based on regression analysis models. It is accepted, that at a minimum, we should seek to eliminate vitamin D deficiency of ≤30 nmol/L, the cut-off for the prevention of bone disease, this strategy that may also protect skeletal muscle function in ageing populations.
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